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HgCdTe-based quantum cascade lasers operating in the GaAs phonon Reststrahlen band with a target wave-
length of 36 µm are theoretically investigated using the balance equations method. The optimized active
region designs, which are based on three and two quantum wells, exhibit a peak gain exceeding 100 cm−1 at
150 K. We analyze the temperature dependences of the peak gain and predict the maximum operation tem-
peratures of 170 K and 225 K for three- and two-well designs, respectively. At high temperatures (T > 120 K),
the better temperature performance of the two-well design is associated with a larger spatial overlap of the
weakly localized lasing wavefunctions as well as a higher population inversion.
Over the past decade, the significant development of
radiation sources covers a wide range of electromag-
netic spectrum between mid-infrared (mid-IR) and ter-
ahertz (THz) frequencies. One of the reasons for this
is a dramatic improvement of quantum cascade lasers
(QCLs) performance across the far-IR and THz ranges1.
On the high-frequency side (10-30 THz), QCLs based
on InAs/AlSb2 and InGaAs/GaAsSb3 materials have
demonstrated the longest wavelengths of 25 µm and
28 µm, which correspond to frequencies of 12.0 THz
and 10.7 THz, respectively. On the low-frequency side
(1-6 THz), the highest operation frequency of 5.4 THz
has been achieved by QCL based on GaAs/AlGaAs4.
However, the operation of QCLs based on the above-
mentioned materials in the frequency range between 6 to
10 THz is strongly affected by the optical phonon absorp-
tion in the Reststrahlen band5. In particular, the extend-
ing of GaAs/AlGaAs QCL operation frequencies above 6
THz results in a significant increase of waveguide prop-
agation loss due to a strong electron-phonon scattering
in the GaAs phonon Reststrahlen band6,7, covering 7-10
THz8. For the same reason, it is a challenge for far-IR
QCLs to operate at frequencies below 12 THz because
of AlAs phonon Reststrahlen band3. Thus, one should
employ alternative materials with lower or higher opti-
cal phonon energies than in GaAs, or utilize non-polar
materials9, in which the interaction with optical phonons
is suppressed, as materials for QCLs lasing in the GaAs
phonon Reststrahlen band.
Semiconductors with large optical phonon energies,
such as GaN or ZnO, are extremely promising materials
for THz QCLs with the potential to achieve room tem-
perature operation10,11. However, wide-bandgap materi-
als have a higher electron effective mass m∗e and, there-
fore, a lower optical gain12, since g ∼ (m∗e)−3/2. Further-
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more, it should be noted that low m∗e materials like InAs,
InSb or GaSb theoretically provide higher optical ampli-
fication, but these materials are not suitable for QCLs
lasing in a frequency range of 7-9 THz due to their op-
tical phonon energy close to the GaAs one [see Fig. 1].
In contrast to III-V semiconductors, II-VI materials, in
particular, Hg1−xCdxTe have a lower optical phonon en-
ergy than GaAs and simultaneously low values ofm∗e. For
narrow-gap Hg1−xCdxTe with cadmium content less than
60 %, the electron effective mass is comparable to con-
ventional low m∗e semiconductors. Since the compound
materials HgTe and CdTe are closely lattice matched
(the difference in lattice constants less than 0.3 %), it
is possible to design a wide variety of multilayer struc-
tures based on Hg1−xCdxTe. Moreover, there is a vari-
ety of experimentally demonstrated Hg1−xCdxTe-based
devices such as photodetectors of the mid-IR radiation
(see, for example,13 and references therein) and coherent
radiation sources operating with a wavelength of up to
19.5 µm14,15, that shows the technological maturity of
this material. Therefore, these benefits of Hg1−xCdxTe
suggest that it can be employed for QCLs operating in
the GaAs Reststrahlen band.
In this letter, to evaluate the potential of Hg1−xCdxTe
structures as a gain medium for QCL operating in the
GaAs phonon Reststrahlen band with a target wave-
length of 36 µm, we use the balance equation method for
simulating the laser characteristics. In comparison with
widely used approaches for modeling electronic trans-
port in QCLs, such as the nonequilibrium Green’s func-
tion formalism16 or the density matrix formalism17, the
balance equation method allows a significant reduction
of the computation time. Thus, we have an opportu-
nity to consider a wide variety of active region designs,
as well as optimize the given design by varying of the
thickness of all layers in the wide range. Moreover, the
balance equation method allows us to account the de-
phasing effect, which clearly plays an important role in
QCLs18,19, and predicts the formation of electric field
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FIG. 1. Summary of candidate materials for QCLs with
corresponding electron effective mass and longitudinal optical
phonon energy/frequency. The GaAs phonon Reststrahlen
band is indicated by the shaded area.
domains across the active region20. Previously, we have
demonstrated the good agreement between calculated
and experimental light-current-voltage characteristics for
the GaAs/AlGaAs QCL emitting near 2.3 THz21. In case
of HgCdTe QCLs, it is important to take into account the
strong effect of conduction band non-parabolicity in the
calculation of electronic states, which is done using the
3-band k·p Hamiltonian22. In addition, an anomalous
temperature dependence of the Hg1−xCdxTe band gap13
is included in our model.
Our choice of the Hg1−xCdxTe/Hg1−yCdyTe composi-
tion for quantum wells/barriers is motivated by the fol-
lowing reasons. On the one hand, the increase of mercury
content leads to a decrease in the m∗e, which is favor-
able from a theoretical perspective. On the other hand,
Hg1−xCdxTe with a Hg composition more than 80 % be-
comes gapless material with a high interband absorption
at the target wavelength as well as with a detrimental ef-
fect of mixing between the states of electrons and holes23.
Thus, we have used the Hg0.8Cd0.2Te wells as an opti-
mum trade-off between the above-mentioned tendencies.
The height of Hg1−yCdyTe barriers is defined as a com-
promise between the suppression of parasitic leakage cur-
rent and the difficulties of growth technology. In order
to prevent the current leakage into the continuum it is
necessary to reduce the Hg content for a higher potential
barrier. However, an increase in the conduction band off-
set results in a decrease in the barrier thickness, creating
high requirements on the epitaxial growth. Thus, we pre-
fer Hg0.8Cd0.2Te/Hg0.6Cd0.4Te material system, which
provides ∼ 289 meV conduction band offset at 50 K and
allows designing an active region of QCLs with techno-
logical maturity.
We analyze three- and two-well designs with resonant-
phonon depopulation scheme when the operation bias per
period is close to the sum of the emission photon energy
~w = 34.3 meV and the longitudinal optical phonon en-
ergy 17.8 meV. Our choice of the numbers of wells in the
period is motivated by the highest operation tempera-
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FIG. 2. Conduction band diagram and squared modules
of wavefunctions for the Hg0.6Cd0.4Te/Hg0.8Cd0.2Te QCLs
computed by 3-band Hamiltonian k·p-method at a bias of
55 mV/period are demonstrated for (a) two neighboring pe-
riods of 3-well design at 100 K and (b) three neighboring
periods of 2-well design at 200 K. The red arrows indicate
the main current channels through the structure, taking into
account that the total current through the period equals to 6
red arrows for 3-well design and 9 red arrows for 2-well design.
tures of THz QCLs based on GaAs/AlGaAs with 3-well24
and 2-well25 designs. The balance equation method al-
lows us to optimize the chosen HgCdTe-designs in order
to achieve the maximum gain for emission frequency of
8.3 THz, varying all barrier layers thicknesses from 1 to
8 nm and wells thicknesses from 3 to 30 nm with a cal-
culation step equal to half the lattice constant of CdTe
∼ 3.25 A˚.
As a result of numerical optimization, we have found
the 3-well design with peak gain exceeding of 100 cm−1
at a lattice temperature of 150 K. The layer sequence
of the single period of optimized design in nanometers
6.5/11.7/3.9/24.0/2.6/13.0 with Hg0.6Cd0.4Te barriers
indicated in bold letters and Hg0.8Cd0.2Te wells, whereas
the central part of underlined well is doped with sheet
electron density of 6.2·1010cm−2. The band structure and
the current flow through the energy levels as simulated
by the balance equation method are shown in Fig. 2 (a).
3The operation principle of the present design is similar to
the conventional 3-well THz QCLs, when the population
inversion is based on electron injection into the upper
laser level 3 of n+ 1 period via resonant tunneling from
injector level 1 of n period and electron depopulation of
the lower laser level 2 of n+1 period occurs with resonant
phonon emission landing on the injector level 1 of the
same period. This principle is well illustrated by the
calculated main current channels through the structure,
including the parasitic current channel between the upper
laser level 3 and the injector level 1, which are indicated
by red arrows.
The best temperature robustness is demonstrated by
the optimized 2-well design with peak gain exceeding of
100 cm−1 at 200 K and layer sequence (in nanometers
with barriers in bold letters) 4.5/5.8/2.6/18.8 with a
doping density of 3.2 · 1010 cm−2. As compared with the
3-well design, narrower wells in the 2-well design lead to
higher energy levels with weakly localized electron wave-
functions spanning over several periods [see Fig. 2 (b)].
Consequently, the 2-well design has a larger spatial over-
lap of wavefunctions of the laser levels 3 and 2, which
increases the dipole matrix element of the radiation tran-
sition. On the other hand, utilizing high energy levels in
the 2-well design has two detrimental effects. First, the
effective mass of the above levels becomes higher due to
the non-parabolic band effect. Second, the electron leak-
age is activated on high energy levels by the parasitic
current channel 3→ 4 with sequential tunneling into the
continuum.
In the 2-well design the trajectory of the current flow
becomes more complex with the main ”stream” through
laser levels 3 and 2 and the minor current channel based
on diagonal transitions between levels 3 and 1, which oc-
cur in the direction and opposite to the direction of the
current flow. Furthermore, the present design is charac-
terized by the hybrid injection scheme based on resonant-
tunnelling transitions from injector level 1 of n period to
upper laser level 3 of n+2 period and scattering-assisted
injection from the lower laser level 2 of n period to the
upper laser level 3 of n+1 period with resonant emission
of optical phonon. We emphasize that in the 2-well de-
sign the population of the lower laser level 2 is less than
the population of the upper laser level 3, since the pop-
ulations of these levels are related to each other by the
Bolzmann distribution n2/n3 ≈ exp (−~ωLO/kT ). Fi-
nally, in the 2-well design the parasitic injection from
level 1 to the lower laser level 2 is suppressed due to the
minimized overlap between wavefunctions of the corre-
sponding levels. For these reasons, we expect that the
2-well design is less sensitive to the temperature and al-
lows achieving higher operation temperatures than the
3-well design.
In Fig. 3 (a), we compare the calculated current
density-voltage and peak gain-voltage characteristics of
the optimized 3-well design at two temperatures of 100 K
and 150 K. One observes that the operation bias point
near 55 mV/period, where the peak gain has a maximum
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FIG. 3. The current density (solid lines) and peak gain
(dashed lines) versus voltage are calculated using the balance
equations method for (a) 3-well design at a lattice tempera-
tures of 100 K and 150 K and (b) 2-well design at a lattice
temperatures of 150 K and 200 K.
value, is below the peak-current bias at both tempera-
tures. Thus, the present design demonstrates a smooth
current-voltage characteristic with operation bias point
outside the region of negative differential resistance to
prevent electrical instability. It is worth noting that this
design has a strong temperature dependence of the cur-
rent density, which leads to its increasing from 2.8 to
3.8 kA/cm2 at operation bias point as temperature in-
creases by 50 K. This temperature effect is associated
with a ∼ 20 % increase of the Bose factor of the electron-
phonon scattering rate due to a low optical phonon en-
ergy in HgCdTe. In addition, the population of the in-
jector level 1 decreases by 10 %, because the populations
of the lower laser level 2 and the high energy level 4 in-
crease by 6 % and 4 %, respectively. As a result, new
parasitic channels 4 → 1 and 4 → 2 of current leakage
occur at high temperatures. Moreover, with increasing
temperature from 100 K to 150 K, the peak gain rapidly
drops and the operation bias range shrinks. Thus, the
optimized 3-well design depends significantly on temper-
ature and is more suitable for low temperature operation.
The results of the calculated current density and peak
gain versus applied voltage at 150 K and 200 K for the
2-well design are shown in Fig. 3 (b). As well as for the 3-
well design, the operation bias point near 55 mV/period
is on the increasing branch of the current-voltage char-
acteristic. However, we observe that the local gradient
of the current-voltage curve of the 2-well design is larger
4than in the 3-well design. Reasonably, high energy levels
of the 2-well design are more sensitive to the applied bias,
resulting in a high differential resistance and a narrower
operation bias range. It should also be noted that the
current density in the 2-well design is two times higher
than in the 3-well design. We attribute this to the pres-
ence of electron leakage in the 2-well design from high
energy levels into the continuum.
In Fig. 4, we compare the temperature dependence of
the peak gain at 8.3 THz of the optimized 2-well and
3-well designs. At low temperatures, the 3-well design
demonstrates the highest peak gain, which begins to de-
crease rapidly at temperatures above 70 K. Conversely,
in case of the 2-well design, the peak gain has lower val-
ues with weak temperature dependence up to 150 K and
gradually decreases at higher temperatures. This leads
to significantly higher peak gain of the 2-well design at
temperatures above 120 K and, as a result to higher oper-
ating temperatures. In order to estimate the maximum
operation temperatures of the given designs, we calcu-
late the cavity losses for a 12 µm thick Cu-Cu waveguide
based on HgCdTe as a function of temperature using the
method proposed in Ref.7. In this case, we take into ac-
count scattering by optical phonons26,27 and free charge
carriers28 for HgCdTe QCL with 75 nm and 50 nm thick
n+-CdTe contact layers with a doping concentration of
1017 cm−3. Now we may clearly identify the temperature,
which ceases the laser action. Under this temperature the
computed optical gain becomes equal to the cavity losses.
Such conditions are achieved for the 2-well and 3-well de-
signs at 225 K and 170 K, respectively, which corresponds
to the maximum operating temperature of the given de-
signs. To validate the predictability of our approach,
we calculate the above dependencies for the 2-well de-
sign of GaAs/AlGaAs QCL emitting near 3.9 THz with
the highest operation temperature of 210.5 K achieved
to date25. Finally, we find excellent agreement between
the predicted maximum operating temperature of 212 K
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FIG. 5. The temperature dependencies of dipole matrix ele-
ment z32, population inversion ∆n32 and transition linewidth
γ32 are shown for the optimized 3-well (solid curves) and 2-
well (dash-dotted curves) designs.
[see inset of Fig. 4] and the experimental value.
To highlight the difference in the temperature perfor-
mance of the 2-well and 3-well designs, in Fig. 5 we ana-
lyze the main parameters defining the peak gain for both
designs as g32 ∼ ∆n32|z32|2/γ32, where ∆n32 is the pop-
ulation inversion, z32 is the dipole matrix element, and
γ32 is the transition linewidth. Despite of the low value
of ∆n32 for the 2-well design, this parameter slightly
increases at elevated temperatures and becomes higher
than the ∆n32 of the 3-well at temperatures above 200
K. One more reason of high temperature operation of
the 2-well design is a higher value of z32, which increases
from 8.8 nm to 9.2 nm with increasing temperature from
50 to 250 K. Meanwhile the 3-well design demonstrates
a lower value of z32, which is reduced from 6.3 nm to
6.1 nm within the above temperature range. Thus, the
2-well design has a higher ∆n32 · z32 product than the
3-well design at temperatures above 200 K with close γ32
for both designs, leading to a higher peak gain and, con-
sequently, to a higher operation temperature.
In conclusion, we have demonstrated the potential of
the HgCdTe structures as a gain medium for QCL op-
erating in the GaAs phonon Reststrahlen band. Carrier
transport and optical gain properties are theoretically
investigated using the balance equations method with a
3-band k · p Hamiltonian. The HgCdTe active region is
optimized by varying of the layer thicknesses in the wide
range in order to achieve the maximum gain for emis-
sion frequency of 8.3 THz. Finally, we have proposed
the three- and two-well designs with maximum opera-
tion temperatures of 170 K and 225 K, respectively. We
believe that the HgCdTe structures may be a promis-
ing candidate for QCLs operating in the frequency range
from 7 THz to 10 THz.
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